Hhal DNA methyltransferase flips the inner cytosine in the recognition sequence 5'-GCGC-3' out of the DNA helix and into the catalytic site for methylation. To identify intermediate states on the base-flipping pathway, affinity photo-crosslinking experiments were performed with synthetic dodecamer duplexes containing modified bases 2-thiothymine (2sT) or 4-thiothymine (4sT) at the target base position. Here we show that the DNA strand containing 2sT, but not 4sT, covalently cross-links to the Hhal methyltransferase upon irradiation at 340-360 nm.
INTRODUCTION
DNA methyltransferases (MTases) catalyse the transfer of a methyl group from S-adenosyl-L-methionine (SAM) onto cytosine or adenine residues in DNA. Besides their important and diverse physiological roles in both eukaryotic and prokaryotic organisms, MTases are extremely attractive models for the study of protein-DNA interactions. M.Hhal, a DNA cytosine-C5 MTase from the bacterium Haemophilus haemolyticus, has become a paradigm for structural studies after the discovery of an unusual reaction intermediate in which the target base is completely flippedout of the DNA helix and into the catalytic site in the enzyme (1). M.Hhal was the first enzyme shown to .operate via this type of intermediate, and studies of numerous other enzymes confirmed that the base flipping is a common and crucial event in DNA repair.
Although the crystal structures reveal details of the M.Hhal-DNA interface at atomic resolution, many important events along the reaction pathway remain obscure (2) . A key topological enigma in the flipping mechanism is the path of base-pair opening by site-specific MTases. Model calculations suggest that in B-DNA bases would normally open via the major grove. However, both MTases for which X-ray structures are available (1, 3) use the major groove to make multiple sequence-specific contacts. If these contacts are preserved during the base flipping process, the enzyme needs to create an exit path for the base in the minor groove by distorting the DNA backbone. The alternative pathway, in which the base would flip through the larger major groove, demands certain conformational changes in the protein itself. Neither scenario can be excluded by the existing data and therefore represents a valid possibility.
Affinity cross-linking is a useful tool for obtaining structural information about macromolecular interactions in solution, supplementing details unavailable from crystallography or NMR spectroscopy. Nucleic acids containing thio-substituted or halogenated pyrimidines are widely used as photoactive affinity probes. Notably, these analogues can be excited at wavelengths above 300 nm, which minimises UV-induced degradation of the protein and canonical nucleobases in the DNA substrate.
The aim of our work was to identify specific contact points between the flipped out target base and the protein in the M.Hhal-DNA complex using affinity photocrosslinking.
MATERIALS AND METHODS
Oligonucleotides containing 2sT and 4sT were synthesized from commercially available phosphoramidites (Glen Research, VA) and kindly provided by Dr. Ramon Eritja, EMBL. Non-modified strands were custom synthesised at MWG (HPSF grade). Duplex oligonucleotides used in this study are listed in scheme I. Oligonucleotides were 5'-labeled using an Oligonucleotide 5'-labeling kit (MBI Fermentas) and [y- M.Hhal was purified as previously described (4). Photo-crosslinking reactions were performed in a volume of 50 nl reaction buffer (10 mM Tris-HCI pH 7.4, 0.5 mM EDTA, 50 mM NaCl, 0.2 mg/ml BSA). 50 nM M.Hhal was preincubated with 10 nM duplex oligonucleotide for 15 min at room temperature and were transferred on ice. Samples were irradiated with a Hg lamp, 2 mW/cm 2 at a distance of 15 cm via tops of open Eppendorf tubes, using a filter with k max =340-360 nm. Reactions were analysed on 15% sequencing or 15% SDS-polyacrylamide gels. Radioactive bands were visualised by autoradiography.
RESULTS AND DISCUSSION
Although the target base for methylation by M.Hha\ is cytosine, the enzyme exerts its base-flipping activity toward a wide variety of residues present at the target position (5, 6) . This property of the enzyme offers a broad selection of base chemistries for mechanistic studies. To track the base flipping motion performed by Hhal MTase, we carried out photo crosslinking experiments using 2sT and 4sT as photoreactive probes:
where X= 2sT, 4sT, T, or C; and M= 5-methylcytosine (the recognition site for M.Hhal is shaded and the target base for methylation is underlined).
Irradiation of the binary complex between M.Hhal and 2sT duplex oligonucleotide at 350 nm resulted in formation of covalently crosslinked products (Fig.l) . No covalent conjugate was observed without UV-illumination or in the absence of M.Hhal. Other duplex oligonucleotides listed in scheme 1 also failed to yield any crosslinked product. The reaction was specific to 2-thiothymidine and was not observed with 4-thiothymidine. Irradiation of the 2sT duplex 5'-labelled on the lower strand did not yield any crosslinked complexes detectable by autoradiography after denaturing gel electrophoresis (not shown), while the same duplex 5'-labelled on the target strand gave a radioactive crosslinked complex. This confirms that we have a specific crosslinking between M.Hhal and the 2sT strand of the duplex oligonucleotide.
The time course of the crosslinking reaction shows Hhal to the 2sT-and 4sT-substituted oligonucleotide duplexes 5'-32 P-labeled on the target strand. Reaction products were analysed by denaturing electrophoresis on a 15% polyacrylamide gel in the presence of 7M urea and autoradiographed that the maximum yield of conjugate was -10% of the total oligonucleotide, and is achieved after 20min of irradiation ( fig. 1 ). Longer irradiation times did not significantly increase the yield.
Our current results do not define the nature of the crosslink. More is known about the photochemistry of 4-thiothymidine and its analogue 4-thiouridine. 2-thiothymidine is much less investigated. However, we can exclude a disulphide bond linkage between a cysteine residue in the protein and the substrate, because the product appeared to be stable to heating for at 70°C in the presence of lOOmM 2-mercaptoethanol (not shown).
Recent studies of two DNA adenine-N6 MTases indicated that aromatic amino acids are targets for photoinduced crosslinking with halogenated pyrimidines. Both M.Taql and M.CviBIII formed covalent complexes to the conserved active site tyrosine upon interaction with duplex substrates containing 5-iodouracil at the target position as the photoaffinity label (7). Studies on Human Immunodeficiency Virus type 1 Tat protein using 4-thiouracil as a photoreactive probe revealed that arginine was the crosslinked amino acid (8) . M.Hhal contains no aromatic amino acids in the active site, and therefore one probable candidate for photo-crosslinking with 2-thiothymine might be the Arg-165 which forms a hydrogen bond with O2 of the target cytosine ring (1). Alternatively, any other residues on the flipping pathway may be linked as well. Experimental determination of the position and nature of the crosslink is currently underway.
